The contribution deals with the numerical simulation of laminar-turbulent transition using algebraic model based on computation of the intermittency coefficient. Algebraic model of transition is implemented to the in-house software for simulation of 2D compressible turbulent flows using the Reynolds averaged Navier-Stokes equations (RANS) closed by the explicit algebraic Reynolds stress model (EARSM). The numerical solution is obtained by the finite volume method based on the HLLC scheme and explicit TVD Runge-Kutta method. The proposed method is validated on the ERCOFTAC T3 test cases.
Introduction
The laminar-turbulent transition is very complicated process which is important in many engineering applications. It can be simulated directly as a time dependent solution of the fully three-dimensional system of Navier-Stokes equations (Direct Numerical Simulation) [1] , but this is unfortunately almost impossible due to extremely high requirements to both computer memory and CPU time. The most common approach to the modeling of fluid flows is time averaging of the system of Navier-Stokes equations [1] , which leads to the system of Reynolds Averaged Navier-Stokes equations (RANS). This system is not closed and therefore it is completed by model of turbulence. Standard present-day models are two-equation models, which consist of the two additional transport equations for the turbulent characteristic scales. All up-to-date two-equation models completely fail to obtain correct position or length of laminar-turbulent transition. Therefore, model of transition must be introduced. An algebraic model of transition which is based on calculation of the intermittency coefficient is used in this work. The main advantage of the algebraic model is its simplicity, i.e. model doesn't includes any additional transport equation and all formulas are calculates using local variables.
Governing equations
Turbulent flow of the compressible fluid is modeled by the system of Reynolds averaged NavierStokes equations, which consist of the continuity equation
the balance of momentum
and the balance of energy
The unknown variables are mean values of density ρ, components of velocity vector u i , total energy E and pressure p, where bar is indicating time average (Reynolds average) defined as
and tilde is indicating density weighted time average (Favre average) defined as
The averaged tensor of viscous stresses τ ij is given by
where µ is averaged dynamic viscosity which is calculated using the Rayleigh relation as
and q j are components of the averaged heat flux vector which are obtained by the Fourier's law in form
where κ is gas constant and P r is the Prandtl number which is also assumed constant. The system of averaged Navier-Stokes equations is also equipped with the state equation of the ideal gas which is rewritten to the form
where k is turbulent kinetic energy which is also unknown variable. The last two terms, τ t ij and q t j , corresponds to the tensor of Reynolds stresses and the turbulent heat flux respectively. These terms have been introduced during an averaging of the Navier-Stokes equations and they have to be modeled by some model of turbulence.
EARSM model of turbulence
The explicit algebraic Reynolds stress model was derived as a simplified solution of the full differential Reynolds stress transport model by Wallin and Johansson [3] . In that process both advection and diffusion were neglected under assumption of the weak equilibrium and resulting system of non-linear algebraic equations was solved with the aid of tensor algebra. This version of EARSM model is based on transport equations 2 for the turbulent kinetic energy
and the specific dissipation rate ω
where µ t is turbulent viscosity, C d is cross diffusion term given by relation
and β * , σ * , α, β, σ and σ d are model constants. Components of the tensor of Reynolds stresses are calculated using explicit formula
where turbulent viscosity is given by relation
and extra anisotropy as
Both turbulent viscosity µ t and extra anisotropy a (ex) ij are strongly non-linear terms that depend on the normalized strain-rate tensor S * ij , normalized tensor of rotation Ω * ij and related invariants
lm Ω * mk . Beta coefficients β 1 ,. . . , β 9 are also nonlinear terms that depend on invariants II S , II Ω , IV and also on V = S * kl S * lm Ω * mn Ω * nk . For more details see [3] . Normalized strain-rate tensor and normalized tensor of rotation are given by following relations
where τ is turbulent time scale defined as
Model constants of transport equations (10) and (11) have been derived especially for conjunction with the EARSM relations [4] . Their values are α = 0.553, β * = 0.09, β = 0.075, σ * = 1.01, σ = 0.5 and σ d = 0.52.
For two-dimensional mean flows there are only two non-zero beta coefficients (β 1 and β 4 ) and thus relations (14) and (15) are greatly simplified to
and a
Approximation of turbulent heat flux
The turbulent heat flux is approximated by the gradient form
where P r t is the turbulent Prandtl number, which is assumed constant.
Model of laminar-turbulent transition
The algebraic model of transition used in this work is based on calculation of the intermittency coefficient as a combination of the close-wall intermittency γ i and the external intermittency γ e . According to Příhoda, Straka and Fürst ([5] , [6] ), the intermittency coefficient can be obtained using relation
where d is distance to the nearest wall, δ 995 is boundary layer thickness and C γ ∈ (12, 18) is model constant.
The external intermittency can be chosen either as 0 or 1. The choice is dependent on the solved problem, e.g. for external flows, where free-stream turbulence intensity is low is suitable γ e = 0 and for the internal aerodynamics with high levels of free-stream turbulence is suitable γ e = 1. The close-wall intermittency can be computed by empirical formula proposed by Narasimha [7] as
wheren corresponds to the turbulent spot generation rate,σ is spot propagation rate and Re xt is critical Reynolds number where transition onset occurs. The critical Reynolds number Re xt can be determined with the aid of the critical momentum thickness Reynolds number ( [5] , [6] )
where Re θt0 is the critical momentum thickness Reynolds number for the zero-pressure gradient flat plate flows expressed as 
The dimensionless pressure gradient λ can be calculated using maximum of the vorticity Reynolds number
where |Ω| = 2Ω ij Ω ij is magnitude of the tensor of rotation
ν is the kinematic viscosity and maximum has to be found at each point from the leading edge downstream in the wall-normal direction. Relation between the dimensionless pressure gradient and the vorticity Reynolds number is defined by following formulas:
where U e is the local free-stream velocity magnitude and s is the stream-wise coordinate.
The critical momentum thickness Reynolds number is calculated using relation (23) with λ instead of unknown λ t and compared with the momentum thickness Reynolds number computed from the second relation in (28). The transition onset occurs in the point s t where Re θt (λ) = Re θ . Also λ t = λ(s t ) and Re xt = Re x (s t ) holds.
The transition length is given by the product of the turbulent spot generation rate and the turbulent spot propagation rate. This can be determined using correlation proposed by Narasimha ( [7] )
where N is calculated as
Finally, boundary layer thickness δ 995 from the formula (21) can be computed by relation
proposed by Příhoda [5] , where d max is position of maximum of the vorticity Reynolds number.
Coupling of the algebraic model of transition with the EARSM model of turbulence in done by multiplying production and destruction terms in the equation (10) by the intermittency function f (γ), i.e.
where intermittency function is given by relation
The function (34) is designed as a combination of two different approaches. In the paper [8] are both production and destruction terms unmodified which leads to good results for the T3A and T3B cases, while in the article [6] are source terms in equation (10) multiplied by the intermittency coefficient which leads to correct transition onset in the T3A-case. Finally, turbulent viscosity in the momentum transport (2) and the energy transport (3) equations is multiplied by the intermittency coefficient.
Numerical method
Considering only two-dimensional flows, the system of averaged Navier-Stokes equations together with the transport equations of turbulence model can be rewritten to the vector form
where W = (ρ, ρ u, ρ v, ρ E, ρk, ρω) T is vector of averaged conservative variables, F and G are inviscid fluxes, R and S are viscous fluxes and vector Q contains source terms. The numerical solution is obtained by the cell centered finite volume method [9] , which can be written in semi-discrete form
where W i is an averaged solution over the cell D i , viscous flux R = (R, S) · n, inviscid flux F = (F, G) · n, ∆S is length of the cell face between two adjacent cells and n = (n x , n y ) is unit vector normal to face. The inviscid flux is approximated by the HLLC Riemann solver [10] with the piece-wise linear MUSCL reconstruction 3 of the primitive variables. The viscous flux is discretized by the central scheme with aid of diamond shape dual cells. Time integration of the semi-discrete finite volume method (36) is done by the explicit two-stage TVD Runge-Kutta method with point implicit treatment of the source terms [11] .
Presented method has been tested on the ERCOFTAC T3 flat plate flow cases [12] . Three different cases have been considered. The T3A case has moderate inlet turbulence intensity, the T3A-has low inlet turbulence intensity, while the T3B case is characterized by high inlet turbulence level (see table 1 ). All cases have zero stream-wise pressure gradient. All cases were solved on a rectangular domain (−0.05 ≤ x ≤ 2.9, 0 ≤ y ≤ 0.175) which was covered by structured mesh with 180 × 60 cells. Leading edge of the flat plate is placed at point [0, 0]. The mesh was refined in the vicinity of the leading edge and also in the wall-normal direction, where y + 1 < 1 holds. Boundary conditions were set in the following way:
• Inlet [x = −0.05, y ∈ (0, 0.175)], prescribed density, components of velocity vector, turbulent energy and specific dissipation rate.
• Outlet [x = 2.9, y ∈ (0, 0.175)], prescribed static pressure.
• Adiabatic wall (flat plate) [x ∈ (0, 2.9), y = 0].
• Symmetry [x ∈ (−0.05, 0), y = 0] and [x ∈ (−0.05, 2.9), y = 0.175]. 
Results and conclusion
The figure 1 
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